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Introduction
Amyotrophic lateral sclerosis (ALS) is the most common adult-onset motor neuron degenerative disease. Frontotemporal dementia (FTD) is characterized by degeneration of the frontal and temporal lobes, resulting in altered personality, behaviour and language. A hexanucleotide repeat expansion (HRE) in the chromosome 9 open reading frame 72 (C9orf72) gene is the commonest single genetic cause of ALS/FTD, which constitutes a spectrum disorder in which both phenotypes overlap (Renton et al., 2011) , but the mechanism by which C9orf72 HRE causes neurotoxicity is unknown. Bioinformatic analysis has predicted that C9ORF72 contains a 'differentially expressed in normal and neoplasia' (DENN)-like domain, which can function as a GDP-GTP exchange factor for RABGTPases such as RAB7L1 and may therefore regulate endosomal trafficking (Levine et al., 2013; Farg et al., 2014) . Human RAB7L1 localizes primarily to the Golgi apparatus and its role in vesicular trafficking has been demonstrated previously, including its role in extracellular vesicle secretion (Shimizu et al., 1997; Berger et al., 2009; Spanò et al., 2011; Wang et al., 2014) .
Exosomes are a small subclass of extracellular vesicles, $40-100 nm in diameter that convey important biological information between cells in both normal physiological and pathological situations. They originate from the endosomal pathway, and are released/secreted from cells when multivesicular endosomes fuse with the plasma membrane (EL Andaloussi et al., 2013) . Interestingly, in certain cell types, formation of multivesicular endosomes and subsequent fusion events are driven by RAB GTPases and their effector proteins (Ostrowski et al., 2010) . Moreover, increasing evidence suggests that compromised secretion of such extracellular vesicles may contribute significantly to neurodegenerative disorders (Gilthorpe et al., 2013; Takeuchi et al., 2015) .
In this study, we investigated whether the C9orf72 mutation disrupted RAB7L1-mediated trans-Golgi network trafficking and extracellular vesicle secretion and to what extent and how this contributed to the pathogenesis of C9ALS/FTD. To address this, we analysed vesicle trafficking in human induced pluripotent stem cell (iPSC)-derived motor neurons, fibroblasts and SH-SY5Y cell lines with altered expression of C9orf72 and RAB7L1. We identified disruptions of both intracellular and extracellular vesicular trafficking that underlie a novel link between extracellular vesicle biogenesis and ALS/FTD pathogenesis.
Materials and methods

Generation and culture of induced pluripotent stem cell lines
All iPSC lines were derived from skin biopsy fibroblasts in the James Martin Stem Cell Facility, University of Oxford, using standardized protocols. Biopsies were from patients attending the Oxford Motor Neuron Disease clinic and taken under ethical approval granted by the South East Wales Research Ethics Committee (Ref No, 12 /WA/0186). Sendai-transduced fibroblasts were seeded onto a layer of mitomycin C-inactivated mouse embryonic feeder (MEF) cells on 0.1% gelatine-coated plates. MEFs were prepared from outbred Swiss mice (Department of Pathology, Oxford) and were cultured in iPS medium consisting of knock-out Dulbecco's modified Eagle medium (DMEM) (Invitrogen), 10% knock-out serum replacement (Invitrogen), 2 mM GlutaMAX TM -I (Gibco), 100 U/ml penicillin (Invitrogen), 100 mg/ml streptomycin (Invitrogen), 1% non-essential amino acids (Invitrogen), 0.5 mM b-mercaptoethanol (Invitrogen) and 10 ng/ml bFGF (R&D). Half of the medium was replaced daily and substituted with MEF-conditioned medium from Day 10 onwards. Colonies with iPSC morphology were picked manually on Days 21-28 and transferred onto MEF layers every 5-7 days to increase stocks. Prior to differentiation, iPSC lines were adapted to MEF-free conditions on Matrigel Õ -coated plates (BD Matrigel hESC-qualified Matrix) in mTeSR TM 1 (STEMCELL Technologies) supplemented with Rock inhibitor Y27632 (10 mM; Calbiochem) on the day of passage. The number of MEF-free passages was limited to ensure that differentiation experiments were all performed within a narrow window of passage numbers.
Differentiation of induced pluripotent stem cells to motor neurons
Motor neurons were differentiated from iPSCs using a previously published protocol, with extensive modifications, as described in Hu and Zhang (2009) . Briefly, the differentiation process was initiated by neural induction of embryoid bodies, which were plated onto Geltrex Õ -coated plates 4 days later in DMEM:F12 supplemented with N2 and B27 (Life Technologies). Caudalization of the neural progenitors was obtained by addition of 0.1 mM retinoic acid (RA) to the neural differentiation medium (Sigma-Aldrich). After 10 days, the colonies displaying neural rosettes structures were isolated and expanded in suspension in the form of neurospheres in the presence of the ventralizing growth factor, sonic hedgehog (SHH) at a concentration of 100 ng/ml (PeproTech). To promote cell survival, 10 mM Rock inhibitor Y27632 was added to the culture medium. After 2 weeks, the neurospheres were plated on Geltrex Õ -coated coverslips and final differentiation was induced by supplementing the medium with brain-derived neurotrophic factor (BDNF 10 ng/ml), glial-derived neurotrophic factor (GDNF, 10 ng/ml), insulin-like growth factor (IGF-1, 10 ng/ml), cyclic AMP (cAMP) and ascorbic acid (Life Technologies). The motor neurons were cultured for another 3-4 weeks to reach maturity before functional assays were performed.
Culture of COS7 cells, SH-SY5Y cells and primary human fibroblasts
Primary fibroblasts and COS7 cell lines were grown in DMEM supplemented with 10% (v/v) foetal bovine serum (FBS) and 1% (v/v) penicillin/streptomycin. The human SH-SY5Y neuroblastoma cell line was maintained in DMEM/F-12 1:1 (Invitrogen) medium supplemented with 10% (v/v) FBS and 1% (v/v) penicillin/streptomycin. For starvation experiments, cells were grown in serum-and amino acid-depleted Earle's Balanced Salt Solution (EBSS) medium (Sigma) or Opti-MEM Õ serum-free media (Gibco, Life Technologies) for the times indicated. All cells were maintained in a 37 C incubator with 5% CO 2 .
Glutathione S-transferase pull-down assay A pEF/Myc tag expression vector containing C9orf72 (4 mg plasmid DNA) was transfected into COS-7 cells (3 Â 10 5 cells per 6 cm dish, 1 day before transfection) using Lipofectamine Õ Plus reagent (Invitrogen) according to the manufacturer's protocol. Three days after transfection, cells were harvested and homogenized and total cell lysates were prepared as described previously (Kanno et al., 2010) . Glutathione-sepharose beads (10 ml wet volume) coupled with $5 mg purified GST-RAB-GTPases were incubated for 20 min at 4 C with 50 mM HEPES-KOH, pH 7.2, 150 mM NaCl and 2.5 mM EGTA.MgCl 2 and GTPgS were added to the solution at a final concentration of 10 mM and 0.5 mM, respectively. The GST-RAB-GTPase beads were incubated for 1 h at 4 C with 400 ml cell lysate in 50 mM HEPES-KOH, pH 7.2, 150 mM NaCl, 1 mM MgCl 2 , 1% Triton TM X-100 and protease inhibitors in 0.5 mM GTPgS (or 1 mM GDP). After washing the beads three times with 1 ml 50 mM HEPES-KOH, pH 7.2, 150 mM NaCl, 1 mM MgCl 2 , 0.2% Triton TM X-100 and protease inhibitors, proteins bound to the beads were analysed by 10% SDS-PAGE followed by immunoblotting, using an anti-Myc-tagged antibody and a horseradish peroxidase-conjugated anti-GST antibody (Santa Cruz Biotechnology, Inc.). The immunoreactive bands were visualized using enhanced chemiluminescence (GE Healthcare Ltd.). Blots shown in the figures are representative of at least three independent experiments.
Purification of extracellular vesicles
Extracellular vesicles were purified by ultracentrifugation or ultrafiltration with size-exclusion liquid chromatography (UF-LC) as previously described (Nordin et al., 2015) . Briefly, cellconditioned media was centrifuged at 300 g for 5 min, then at 1200g for 10 min. The supernatant was passed through a 0.22mm filter then analysed by nanoparticle tracking analysis (NTA). For western blotting, fluorescence-activated cell-sorting (FACS) and transmission electron microscopy, extracellular vesicles were purified by a subsequent ultracentrifugation high-speed spin (at 120 000g for 70 min) or UF-LC.
Nanoparticle tracking analysis
For particle-size determination, NTA was performed with a NanoSight NS500 instrument (Malvern) equipped with NTA 2.3 analytical software. For all recordings, we used a camera level of 13 or 15 and automatic function for all post-acquisition settings. Blur and minimum expected particle size, except for the detection threshold, were fixed at 5. Samples were thawed on ice and diluted between 1:10-1:500 in phosphatebuffered saline (PBS) to achieve a particle count of 2 Â 10 8 to 1 Â 10 9 per ml. The diluted sample was loaded in the sample chamber and the camera focus was adjusted so the particles appeared as focused dots. Using the script control function, we recorded three 30 s videos for each sample, incorporating a sample advance and 5-s delay between each recording. These measurements were analysed using the batch process function and results were analysed using Microsoft Excel.
Statistical analysis
Two sample comparisons were tested for statistical significance using a two-tailed Student's t-test. More than two groups were compared by one or two-way ANOVA and post hoc Bonferroni or Dunnett's test correction where corresponded. P-values 5 0.05 were considered statistically significant.
Results
Reduced extracellular vesicle secretion in C9ALS/FTD fibroblasts and induced pluripotent stem cell-derived motor neurons NTA of conditioned serum-free medium from four different C9ALS/FTD patient fibroblasts (C9-1, C9-2, C9-3 and C9-4) (Supplementary Table 1 ) identified the presence of extracellular vesicles $80-100 nm in diameter, corresponding to that reported for exosomes. Importantly, there were significantly fewer extracellular vesicles as compared with healthy fibroblasts after 16 h of incubation (Fig. 1A , B and Supplementary Fig. 1A ). Extracellular vesicle secretion by C9ALS/FTD patient fibroblasts was also reduced in serumfree medium and amino acid-free EBSS buffer compared with normal extracellular vesicle-depleted medium at a shorter incubation period of 4 h (data not shown). Unexpectedly, however, at longer incubation time points (48 h), there were no differences in extracellular vesicle secretion by C9ALS/FTD patient fibroblasts and normal fibroblasts cultured in conditioned serum-free medium, evaluated by western blotting analysis of exosomal marker expression (TSG101, ALIX and CD81) ( Supplementary Fig. 1B ). These data suggest that C9orf72 mutations impair extracellular vesicle secretion when cells are under stress (such as serum-deprivation), but compensatory mechanisms may arise over time in vitro to offset this impairment.
Moreover, based on liquid chromatography fractionation of cell secretome/conditioned media, we observed greater amounts of soluble protein secreted from C9-3 fibroblasts as compared to normal controls ( Supplementary Fig. 1C ), indicating the possibility of disrupted protein trafficking between the endoplasmic reticulum and Golgi network (Lee et al., 2004; Nordin et al., 2015) . Even though extracellular vesicle release was greatly reduced in diseased fibroblasts, exosomal markers CD9 and CD63 in extracellular vesicles secreted by C9ALS/FTD fibroblasts were detected using flow cytometry and immunocapture beads (Fig. 1C) .
To investigate intracellular processes that lead to defective extracellular vesicle secretion in C9ALS/FTD cells, we examined expression of the early endosome antigen 1 marker (EEA1) and the multivesicular endosome/late endosome marker CD63 in C9ALS/FTD and normal fibroblasts. As expected, CD63 and EEA1 partially co-localized in fibroblasts from normal individuals and C9ALS/FTD patients ( Fig. 1D and Supplementary Fig. 2 ). Next, we investigated extracellular vesicle trafficking in normal and C9ALS/FTD fibroblasts. Interestingly, the number of CD63-positive granules observed by immunofluorescence was significantly lower in C9ALS/FTD fibroblasts ( Fig. 1D , E and Supplementary Fig. 2 ), indicating a lower number of multivesicular endosomes in C9ALS/FTD fibroblasts and significantly reduced extracellular vesicle secretion (Fader et al., 2008) . Motor neuron degeneration is a cardinal feature of C9ALS/FTD, therefore we also examined extracellular vesicle secretion in motor neurons differentiated from C9ALS/ FTD iPSCs (Almeida et al.., 2013; Dafinca et al., 2016) . We observed a reduced extracellular vesicle secretion in C9ALS/FTD motor neurons by NTA (Fig. 1F ).
C9ORF72 interacts with RAB7L1 to mediate trans-Golgi vesicle trafficking
To determine the mechanism underlying the effect of the C9orf72 mutation on extracellular vesicle secretion, we examined the role of the C9ORF72 protein in cellular vesicle trafficking. C9ORF72 contains a DENN-like domain, which may serve as a GDP-GTP exchange factor for RAB GTPases. We hypothesized that C9ORF72 regulates endosomal trafficking by interacting with certain RAB-GTPases, based on our findings that C9ALS/FTD fibroblasts have impaired extracellular vesicle secretion. To test which RAB family members bind C9ORF72, we performed glutathione S-transferase (GST) pull-down assays using 42 different mammalian RAB proteins and myc-tagged forms of human C9ORF72 (Kanno et al., 2010) . Unexpectedly, we observed highly specific bands indicating an interaction between C9ORF72 and the recently identified RAB7L1 (MacLeod et al., 2013) ( Fig. 2A and Supplementary Fig.  3A ). We did not observe a significant interaction between C9ORF72 and more well-known RAB proteins, such as RAB42 (RAB7B), RAB15 and RAB10. We postulate that this result might be due to differential expression of such RAB proteins in our C9ALS/FTD iPSC motor neurons and fibroblasts; high expression of RAB7L1 and lower expression of RAB15, RAB42 and RAB10 ( Supplementary  Fig. 3B ). Therefore, we focused our further investigations on unravelling the link between the C9ORF72-RAB7L1 interaction and endosomal trafficking.
Immunofluorescence with the Golgi marker GM130 showed that C9ORF72 is enriched in the Golgi apparatus of C9ALS/FTD and normal fibroblasts (Supplementary Fig.  4A ). Interestingly, RAB7L1 has also been described as enriched in the Golgi apparatus (MacLeod et al., 2013) . Unfortunately, antibodies for RAB7L1 immunofluorescence failed to detect endogenous levels of RAB7L1 using this technique. To test the interaction between C9ORF72 and RAB7L1, C9ALS/FTD patient fibroblasts were transfected with either a constitutively active (CA) RAB7L1 mutant (Q67L) or a constitutively negative (CN) RAB7L1 mutant (T21N) (Fig. 2B) . Based on this immunofluorescence staining, we observed co-localization of C9ORF72 with the constitutively active RAB7L1 mutant resulting in a vesicular staining pattern of both proteins. Constitutively negative RAB7L1 mutant (T21N) appeared, as previously reported, in a diffuse pattern, and so did C9ORF72, which suggests a certain degree of interaction between C9ORF72 and constitutively negative RAB7L1 as well. It is reported that most of the GDP-bound constitutively negative forms of RAB proteins prevent recruitment of downstream effectors, maybe via a GDP/GTP exchange factor-trap mechanism (Mori et al., 2013) and therefore are diffusely localized in the cytosol. By contrast, the GTP-bound constitutively active forms are often enriched in punctate structures, specifically targeted vesicles or other intracellular compartments (Zhang et al., 2007) , presumably because the constitutively active proteins lack GTPase activity and stably present at transport vesicles/organelles. Next, the endogenous interaction between C9ORF72 and RAB7L1 was shown in SH-SY5Y neuroblastoma cells by a proximity ligation assay using Duolink Õ PLA probes (Fig.  2C) . Finally, we confirmed that C9ORF72 protein interacted strongly and preferentially with the constitutively active mutant form of RAB7L1 (which mimics the GTPbound form) in a co-immunoprecipitation assay (Fig. 2D ). All these data suggest that C9ORF72 is likely to function as a RAB7L1 effector (Fukuda et al., 2008) . Our findings here indicate that C9ORF72 and RAB7L1 interact and are enriched in the Golgi apparatus of fibroblasts. However, in C9ALS/FTD iPSC motor neurons where the C9ORF72 protein is downregulated due to the HRE mutations ( Fig. 2E  and F) , we hypothesized that this C9ORF72-RAB7L1 interaction is disrupted, and consequently results in defective trans-Golgi network trafficking.
To further characterize the dysfunction of trans-Golgi network trafficking, we investigated the localization of the mannose-6-phosphate receptor (M6PR), which transports hydrolase precursors from the trans-Golgi network to late endosomes as they are recycled to the trans-Golgi network via the heteropentameric retromer complex comprising VPS26, VPS29 and VPS35 (Arighi et al., 2004) . Interestingly, M6PR was expressed throughout the cytoplasm in C9ALS/FTD fibroblasts, whereas in normal fibroblasts M6PR was detected mainly around the nucleus (Fig. 2G, H and Supplementary Fig. 4B ), suggesting an impaired recycling function in C9ALS/FTD cells. In addition, the retromer VPS26 protein level showed a tendency to be decreased in C9ALS/FTD cells ( Fig. 2E and F) while mRNA expression of VPS26A/VPS26B, VPS29 and VPS35 retromer units, and M6PR was upregulated in C9ALS/FTD iPSC motor neurons (Supplementary Fig. 5 ). These mRNA findings might represent a compensatory mechanism for defective intracellular M6PR sorting between late endosomes and the trans-Golgi network. Collectively, these data demonstrate a direct interaction between C9ORF72 and RAB7L1 in human neurons and fibroblasts that is disrupted by C9ORF72 protein loss, probably due to the HRE mutation in cells carrying the C9orf72 mutation, resulting in compromised trans-Golgi network vesicle trafficking. Dysfunction of the trans-Golgi network inhibits autophagy and lysosomal degradation pathways (Eskelinen and Saftig, 2009 ). Recently, it was shown that autophagy is compromised in C9orf72-deficient neurons and in iPSC motor neurons from C9ALS/FTD patients (Stepto et al., 2014) . Here, we confirmed increased expression of the autophagosome markers p62 and LC3-II in C9ALS/FTD patient-derived fibroblasts ( Supplementary Fig. 6A and B) , in p62-positive autophagosomes ( Supplementary Fig. 6D and E) and swollen autophagosomes in iPSC motor neurons as determined by transmission electron microscopy ( Supplementary Fig.  6C ), suggesting impaired degradation of autophagosomes by lysosomal enzymes. Disruption in the trans-Golgi network and leucine-rich repeat kinase 2 (LRRK2) can inhibit autophagy over time, in the absence of compensatory mechanisms (MacLeod et al., 2013) . In our case, amino acid-free starvation-induced stress reduced the number of p62-positive autophagosomes ( Supplementary Fig. 6D and E) and p62 protein levels in C9ALS/FTD fibroblasts compared with normal fibroblasts, even after suppression of lysosomal degradation by E64d and pepstatin ( Supplementary Fig. 7A and  B) . Hence, our findings indicate inhibition of autophagy, in particular in C9ALS/FTD patient fibroblasts under stress conditions.
Genetic ablation of RAB7L1 and C9orf72 by short interfering RNA in SH-SY5Y cells recapitulates the C9ALS/FTD phenotype To examine the haploinsufficiency hypothesis further, we investigated whether genetic ablation of C9orf72 and RAB7L1 in SH-SY5Y cells was sufficient to induce the C9ALS/FTD vesicle trafficking phenotype. We achieved a 70% knockdown of C9orf72 and an 85% knockdown of RAB7L1 in SH-SY5Y cells using short interfering RNA (siRNA) (Supplementary Fig. 8 ). C9orf72 and RAB7L1 knockdown recapitulated the extracellular vesicle secretion phenotype observed in C9ALS/FTD fibroblasts, as determined by NTA (Fig. 3A) and western blotting of the exosomal markers ALIX and TSG101 (Fig. 3B) . Moreover, RAB7L1 or C9orf72 knockdown resulted in reduced expression of the extracellular vesicle markers CD9, CD63 and CD81 in purified extracellular vesicle samples from starved SH-SY5Y cells (Fig. 3C-E) . Silencing C9orf72 and RAB7L1 reduced p62 expression after amino acid starvation ( Supplementary Fig. 7C ), while overexpression of both C9orf72 and RAB7L1 significantly upregulated multivesicular endosome and extracellular vesicle secretion (Fig. 3F-H and Supplementary Fig. 9 ) in C9ALS/FTD fibroblasts. These data demonstrate that defects in the C9ORF72-RAB7L1 pathway significantly reduce multivesicular endosome production, extracellular vesicle secretion and autophagy in amino acid-depleted conditions, similar to our findings in C9ORF72 HRE patient-derived cells.
Here, we demonstrate that fibroblasts and motor neurons derived from ALS/FTD patients have impaired function in endosomal trafficking, regulation of trans-Golgi network trafficking and autophagy. These effects are further pronounced under stress conditions such as amino acid depletion and could accumulate over time to result in neurodegeneration (Zhang et al., 2015) .
Finally, we evaluated the therapeutic potential of a novel short locked nucleic acid (LNA)-DNA-LNA oligonucleotide gapmer against C9ALS/FTD ( Supplementary Fig.  10A -C and Supplementary Table 2 ). The LNA gapmer interferes with C9orf72 pre-mRNA processing in C9ALS/ FTD patient fibroblasts and we wished to investigate if it could reverse the RAB7L1-related disease phenotype. In addition, it targets the region immediately upstream of the GGGGCC repeat in intron 1a (ASO2-1) and significantly upregulates the main C9orf72 1b transcript ( Fig. 4A and B ) and C9ORF72 protein levels ( Fig. 4C and D) 4 days after specific knockdown of the mutant C9orf72 transcripts. Reduced extracellular vesicle secretion ( Supplementary Fig. 11A ) and mislocalization of M6PR to the cytoplasm ( Supplementary Fig. 11B and C) were rescued by knockdown of the mutant C9orf72 transcripts in C9ALS/FTD patient fibroblasts using this LNA gapmer. These findings highlight the therapeutic potential for ALS/ FTD of using this oligonucleotide approach.
Discussion
The mechanisms underlying the neurotoxicity caused by the C9orf72 HRE mutation have not been fully elucidated, although RNA gain-of-function, polydipeptide toxicity caused by repeat-associated non-ATG translation and loss-of-gene-function have all been suggested (Aoki et al., 2015) . Abnormal endocytic trafficking has been reported in several neurodegenerative diseases, including ALS (Jovic et al., 2015) , Alzheimer's disease, Down syndrome and Parkinson's disease (Wang et al., 2014; Muresan and Ladescu Muresan, 2015) . In this study, we revealed a novel interaction between C9ORF72 and RAB7L1, which is disrupted by downregulation of the C9ORF72 protein in the presence of the HRE mutation. Inhibition of the C9orf72 HRE transcript with ASO2-1 suggests that this downregulation of the main C9orf72 1b transcript, leading to C9ORF72 protein loss, appears to be reversible (Donnelly et al., 2013) . Also, normalization of the Golgi phenotype after ASO treatment indicates that this aspect of the C9/ALS pathogenesis is, at least partially, related to a direct effect of the HRE transcripts.
The consequence of this disrupted interaction is dysfunctional trans-Golgi network trafficking and compromised multivesicular endosome formation, resulting in defective intracellular and extracellular vesicle trafficking, which Figure 3 Genetic ablation and over-expression of RAB7L1 and C9orf72 recapitulates a C9ALS/FTD phenotype in SH-SY5Y cells and fibroblasts from C9ALS/FTD patients. (A) NTA data on the total particle concentrations in serum-free conditioned medium of SH-SY5Y cells after RAB7L1 and C9orf72 siRNA mediated knockdown. The data (n = 3) are presented as mean AE SEM. Asterisks denote one-way ANOVA test significant P-value ( * P 5 0.05 and *** P 5 0.001). (B) Representative western blotting picture of exosome-specific markers including ALIX and TSG101 in extracellular vesicles from siRNA-treated SH-SY5Y cells. Semi-quantitative analysis of exosome surface antigens including CD9 (C), CD63 (D), and CD81 (E) using the exosome isolation and enrichment kits (JSR Life Sciences). MFI = mean fluorescence intensity. The data (n = 3) are presented as mean AE SEM. Asterisks denote one-way ANOVA test significant P-value ( * P 5 0.05 and ** P 5 0.01). Quantification of CD63 positive vesicles per cell (F) and the total particle concentrations in serum-free conditioned medium in C9ALS/FTD fibroblast cells (G) are shown. Two days after a transfection with C9orf72 and/or RAB7L1 plasmid, the vesicles and the total particle concentrations in serum-free conditioned medium were counted under a confocal fluorescence microscope or by NTA, respectively. The data (n = 3) are presented as mean AE SEM. Asterisks denote one-way ANOVA test significant P-value ( * P 5 0.05 and ** P 5 0.01). O/E = overexpression. (H) Western blotting of C9ORF72 and RAB7L1 from cells transfected in (F) and (G), 2 days after a transfection with C9orf72 and/or RAB7L1 plasmid. represents a possible pathogenic mechanism in ALS/FTD (Fig. 4E) . How impaired vesicular trafficking leads to late-onset neurodegenerative diseases such as C9ALS/FTD remains to be determined. Evidence suggests that an accumulation of age-dependant effects on an appropriate genetic background can predispose an individual to diseases like ALS (Al-Chalabi et al., 2014) . Very recently it has been reported that C9ORF72 complex acts as a GDP/ GTP exchange factor for RAB8a and RAB39b, and it synergizes with ataxin-2 Q30x toxicity to induce motor neuron dysfunction and neuronal cell death (Sellier et al., 2016) . In keeping with other genetic forms of ALS/FTD, the presence of the C9orf72 mutation is not a sufficient condition for neurodegeneration, but only precipitates neurodegeneration after many years have elapsed, with ageing as a co-factor.
In the CNS, RAB7L1 interacts with LRRK2 to regulate intra-neuronal protein sorting and disruptions in his process are a risk factor for Parkinson's disease (MacLeod et al., 2013) . Extracellular vesicles and autophagy are important for neuronal maintenance and survival; therefore, reduced extracellular vesicle secretion and impaired autophagy could render neurons more vulnerable to further neurodegenerative insults over time. Our data strongly suggest that C9orf72 haploinsufficiency directly mediated by the HRE, which is known to induce hypermethylation, are major contributing factors to ALS/FTD spectrum disorders, in agreement with previous findings (Haeusler et al., 2014; Jovic et al., 2015; Zhang et al., 2015) .
Due to the lack of appropriate animal models carrying the C9orf72 HRE, a limitation of our study is that we did not examine extracellular vesicle biogenesis in vivo. Future work to measure extracellular vesicle secretion in the CSF of C9ALS/FTD patients could help clarify the relevance of our findings to the clinical disease. The development of models reproducing C9ALS/FTD pathology will enable us to investigate the long-term effects of the C9ORF72-RAB7L1 interaction and its influence on extracellular vesicle biogenesis as well as the therapeutic potential of LNA gapmer-based interventions for the disease.
In conclusion, we have identified an association between C9orf72 mutations and the RAB7L1-based regulation of vesicular trafficking, indicating a common potential pathogenic mechanism that can be rescued by antisense-based intervention. This work may pave the way to the development of novel therapies for ALS and FTD that target the C9ORF72-RAB7L1 pathway.
